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Given the importance of stem cells to adult tissues, it has long been postulated that stem cells 
divide infrequently to preserve their long-term proliferation potential and to prevent the acquisi-
tion of errors during DNA replication. Yet, some stem cells must be able to continually churn 
out progeny in tissues that rapidly turn over or are subject to sudden injuries or growth spurts. 
This Review explores the challenges that mammalian stem cells face in balancing the competing 
demands of proliferation and differentiation in tissues.Introduction
Adult stem cells have the capacity to self-renew and to regener-
ate tissue(s) long-term, in both homeostasis and wound repair. 
These remarkable fixtures of longevity place stem cells in an 
elite class of essential cells of living organisms. Given the impor-
tance of stem cells to body tissues, it has long been postulated 
that stem cells should be used sparingly and tucked safely away 
into resident niches, guarding them from harm’s way.
Some tissues of the body, such as those in the brain and 
skeletal muscle, have very little turnover and are well protected, 
whereas others turnover constantly. Even though the intrinsic 
properties of stem cells are likely to be similar across tissues, 
each tissue has its own requisites for homeostasis and regen-
eration. We lose over 20 billion cells a day, requiring constant 
replenishment to stay alive. More than a billion of these lost cells 
come from our blood, necessitating a reservoir of constantly 
renewing hematopoietic stem cells (Orkin and Zon, 2008). The 
intestinal epithelium also undergoes constant turnover, taking 
only 3–5 days for undifferentiated cells at the bottom of the 
invaginating crypt to proliferate and differentiate into the entero-
cytes, goblet cells, or enteroendocrine cells of the adsorptive 
villus (Barker et al., 2008). Analogously, every 4 weeks, we have 
a brand new epidermis as cells in the basal layer terminally dif-
ferentiate and are shed from the skin surface (Watt, 2002).
Some stem cells face even greater challenges. During preg-
nancy, the mammary epithelium undergoes a dramatic change 
as elaborate glands branch, differentiate, and produce milk. 
Hair follicles undergo cyclic bouts that entail not only peri-
ods of massive destruction and dormancy but also periods of 
active follicle regeneration and hair growth. Confounding the 
problem, the hair growth phase, which requires stem cells, is 
relatively uniform in length, but the resting phase increases 
with age, leading to extended periods where nothing appears 
to be happening (Blanpain and Fuchs, 2009). Finally, all of our 
tissues occasionally face traumatic injuries. Although this is 
commonplace for some tissues such as the skin epithelium, 
other tissues, such as the central nervous system, are not so 
well adjusted.Cell 137, May 29, 2009 ©2009 Elsevier Inc. 811
These sudden demands place a heavy burden on the nearby 
stem cell niches. All of these considerations mean that stem 
cells must be able to adjust swiftly in order to maintain a proper 
balance. When to cycle and how fast to cycle are features that 
vary considerably among stem cell populations. Moreover 
within a given tissue, more frequently cycling stem cells seem 
to function primarily in homeostasis while a reserve of more 
dormant master stem cells may be set aside for times of injury 
or unforeseen need. So when is “slow” slow and “fast” fast and 
what does this mean for maintaining stemness?
Below, I concentrate on three representative populations of 
adult mammalian stem cells—hematopoietic stem cells, hair 
follicle stem cells, and intestinal stem cells—and discuss the 
common themes that have emerged from studying their slow-
cycling properties in normal homeostasis and in response to 
injury. The factors that enter into stem cell longevity are var-
ied and complex and include not only the cellular interactions 
and stimuli that constitute the environment or “niche” in which 
stem cells reside but also intrinsic mechanisms governing such 
diverse processes as telomere length, cell survival, and asym-
metric cell division. This Review highlights how the cycling 
kinetics of stem cells may enter into this medley.
Heterogeneity within the Hematopoietic Stem Cell 
Niche
The existence of stem cells within the bone marrow was 
demonstrated nearly 50 years ago by reconstitution of the 
hematopoietic system following irradiation (Till and McCulloch, 
1961). These early serial transplantation studies revealed that 
less than 1% of bone marrow cells possess the capacity for 
long-term reconstitution. Detailed cell-cycle analyses have fur-
ther revealed that most hematopoietic stem cells are quiescent 
and in the G0 phase of the cell cycle (Cheshier et al., 1999; Kiel 
et al., 2007; Passegue et al., 2005; Potten et al., 1978; Punzel 
and Ho, 2001; Spangrude and Johnson, 1990). Over the years, 
molecular markers have been identified to isolate and purify 
long-term hematopoietic stem cells (LT-HSCs) that exhibit spe-
cial longevity (Christensen and Weissman, 2001; Muller-Sieburg 
Figure 1. The Histone H2B-GFP Pulse-Chase System
The mating of two parent strains of transgenic mice is needed to make progeny in which expression of a transgene encoding histone H2B-green fluorescent 
protein (H2B-GFP) can be turned off when tetracycline is added to the animal’s diet. The first parent strain harbors the H2B-GFP transgene under the control 
of a tetracycline (doxycycline; dox) regulatory element (TRE). The second expresses a transcription factor regulated by tetracycline (TetRVP16) that is under the 
control of a cell-type-specific promoter. In the first example shown, the keratin 5 (k5) promoter drives expression of TetRVP16 leading to expression of H2B-GFP 
in the skin epithelium until 4 weeks of age, at which time tetracycline is administered for 4 weeks so that dividing cells dilute out the label and differentiating 
cells are sloughed from the skin (Tumbar et al., 2004). In the second example, TetRVP16 driven by the promoter of the stem cell leukemia (SCL) gene is used 
to express H2B-GFP in hematopoietic stem cells (HSCs) and different multipotent progenitors (MPPs) of the hematopoietic system for 10–13 days, after which 
tetracycline is administered for 80 days to identify the label-retaining cells (LRCs) (Wilson et al., 2008). Schematic adapted from Nowak (2009).et al., 1986; Spangrude et al., 1988). This offers an ideal system 
for study, as evidenced by the fact that between 20% and 50% 
of purified (Lin−Sca1+c-kit+CD150+48−) cells possess repopula-
tion activity when serially transplanted in vivo (Challen et al., 
2009; Christensen and Weissman, 2001; Foudi et al., 2009; Kiel 
et al., 2007; Spangrude et al., 1988; Wilson et al., 2008).
The steady-state pool of HSCs has been estimated at 
~20,000–100,000. A subset of these are responsible for regen-
erating the shorter-lived and often rapidly dividing progeny, 
known as multipotent progenitors (MPPs), which produce 
nearly a billion circulating blood cells per day (Passegue et al., 
2005; Wagers et al., 2002; and references therein). Serial trans-
plantations of these HSCs in mice have been extended up to 
5–7 rounds (Harrison and Astle, 1982; Harrison et al., 1978). It 
is not yet clear whether the inability to carry out serial transfer 
endlessly is a limitation of the assay or rather reflects a limited 
self-renewal capacity of these stem cells. However, such in 
vivo tests for longevity of HSCs are presently superior to those 
for other adult stem cells.
It has been estimated that two-thirds of the LT-HSCs are in 
G0 at any one time, a feature that correlates with their abil-
ity to function in hematopoietic reconstitution (Passegue et al., 
2005). Proliferation kinetics suggest that cell divisions are less 
frequent in LT-HSCs than in short-tem HSCs and in more com-
mitted MPP cells of hematopoietic lineages. In BrdU pulse-
chase experiments, ~5%–6% of HSCs still retain label even 
after 2 months (Cheshier et al., 1999; Foudi et al., 2009; Kiel 
et al., 2007; Morrison et al., 1997; Wilson et al., 2008). Triple 812 Cell 137, May 29, 2009 ©2009 Elsevier Inc.label studies with nucleotide tracers demonstrate that these 
label-retaining cells (LRCs) do not arise from asymmetric seg-
regation of a master template DNA strand while passing the 
newly synthesized strand to the committed daughter (Kiel et 
al., 2007). Such a feature would otherwise skew the use of 
nucleotide label as a means of monitoring slow-cycling prop-
erties of stem cells.
Although the kinetics of BrdU incorporation and retention 
have long argued for the existence of HSCs that are also LRCs 
(Cheshier et al., 1999; Kiel et al., 2007), researchers have won-
dered whether nucleotide label administered to adult mice 
might fail to mark highly quiescent stem cells if they divide only 
very rarely. Of further concern is whether BrdU as a mutagen 
might elicit some cell damage in LRCs. If so, this might prompt 
snoozing HSCs to awaken, proliferate, and enter a damage-
repair mode, diluting nucleotide label in the process. BrdU 
toxicity also clouds the reliability of testing the stem cell func-
tionality of LRCs.
Some of the possible caveats arising from long-term stud-
ies with BrdU have been circumvented by generating mice that 
harbor an histone 2B-green fluorescent protein (H2B-GFP) 
transgene driven by a tetracycline-regulatable enhancer ele-
ment and its requisite transcription factor driven by a tissue-
specific promoter (Figure 1) (Tumbar et al., 2004). This method 
was first devised and tested for the isolation and purification of 
LRCs of the hair follicle (Tumbar et al., 2004). By constitutively 
expressing H2B-GFP during embryogenesis, and then switch-
ing off expression postnatally in response to tetracycline, cells 
Figure 2. Slow-Cycling HSCs Have the 
Highest Long-Term Stem Cell Potential
Wilson et al. (2008) coupled the SCL-TetRVP16 
pulse-chase experiment (outlined in Figure 1) to flu-
orescence-activated cell sorting (FACS) in order to 
purify hematopoietic cell populations. Serial trans-
plant experiments were then used to test the poten-
tial of individual hematopoietic cells to reconstitute 
the bone marrow of X-irradiated mice. The results 
suggest that cells with the greatest long-term ca-
pacity are those that cycle the least frequently. 
These cells have traditionally been referred to as 
long-term hematopoietic stem cells (LT-HSCs). They 
cycle as few as five times per lifetime of the mouse 
and remain dormant unless challenged by injury or 
stimuli that induce growth. From these assays, the 
HSCs that divide slowly but more frequently appear 
to be the ones that function in normal homeostasis. 
LRC, label-retaining cells.that retain H2B-GFP label over time can readily be identified 
and their presumptive progeny traced through 7–10 divisions. 
This approach is more sensitive than BrdU label retention, 
ensures initial uniform labeling of cells within the tissue, and 
affords enhanced sensitivity in monitoring the infrequent divi-
sion behavior of stem cells (Blanpain et al., 2004; Foudi et al., 
2009; Waghmare et al., 2008).
Recently researchers coupled H2B-GFP pulse-chase lin-
eage tracing with 5–6 different molecular markers (Lin−Sca1+c-
kit+CD150+48 ± CD34) to unveil a dormant population of G0 
LT-HSCs (Figure 1) (Foudi et al., 2009; Wilson et al., 2008). This 
pool of cells is strongly label retaining and divides on average 
only once every 4–5 months, or ~5 times per cell within a life-
time. Moreover, ~30% of this HSC population retains H2B-GFP 
label after several months, as opposed to prior methods involv-
ing BrdU where only a few percent exhibit labeling.
Are these dormant cells true molecular Sleeping Beauties or 
are they merely masquerading in stem cell’s clothing? Trans-
plantation assays with cells from purified populations confirm 
that dormant hematopoietic LRCs possess long-term repopu-
lation potential under circumstances where more frequently 
dividing HSCs display only shorter-term repopulation and 
MMPs achieve little or no repopulation (Figure 2) (Foudi et al., 
2009; Wilson et al., 2008). Moreover, these dormant LRCs can 
be awakened to self-renew with either the jolt of an injury or the 
stimulus of G-CSF. Although not quite Prince Charming, this 
enticement to awaken from dormancy and self-renew is revers-
ible, and following HSC replenishment, these reserve LRCs go 
back into a slumber (Foudi et al., 2009).
These studies suggest a model in which the smaller pool 
of dormant LT-HSCs functions not in normal homeostasis 
but rather as a stem cell reserve for times of crisis. This sce-
nario leaves the more plentiful HSCs, which are the LRCs 
that divide more frequently (at least once a month), as the 
stem cells that function in normal homeostasis to fuel the 
production of rapidly but transiently amplifying progenitors. 
Although it will take time for the field to reach a consensus 
regarding the precise characteristics of the long-term and 
shorter-term hematopoietic stem cells, most researchers in 
the hematopoietic field are currently in agreement that cycling 
frequency correlates inversely with long-term stem cell activ-
ity (Orford and Scadden, 2008).Cell 137, May 29, 2009 ©2009 Elsevier Inc. 813
Heterogeneity within the Hair Follicle Stem Cell Niche
The hair follicle offers an interesting and valuable model for 
studying stem cells, as it undergoes cyclical bouts of regen-
eration (anagen), degeneration (catagen), and rest (telogen) 
and its stem cell lineage is temporally and spatially chronicled 
(Figure 3). During the initial development of the hair follicle and 
with each subsequent regenerative phase, the cycling portion 
(~two-thirds) of the follicle is fueled by rapidly proliferating but 
transiently amplifying matrix cells that incorporate nucleotide 
label readily but do not retain it (Cotsarelis et al., 1990). Matrix 
cells surround and are stimulated by specialized mesenchymal 
cells, called the dermal papilla (DP), to form the hair bulb at the 
very bottom of the hair follicle. The matrix supplies cells for the 
seven concentric upward programs of terminal differentiation 
that produce the hair and its surrounding channel. By mecha-
nisms poorly understood, the process grinds to a halt during 
catagen, and as the degenerating follicle retracts, it brings the 
DP upward until it comes to rest just below the noncycling por-
tion of the follicle. Residing just below the sebaceous gland, 
this region is frequently referred to as the bulge.
Nucleotide tracing experiments in the 1990s and H2B-GFP 
pulse-chase studies in this decade show that slow-cycling 
follicle LRCs concentrate in the bulge (Cotsarelis et al., 1990; 
Morris and Potten, 1999; Tumbar et al., 2004). The extended 
dormant phase of the hair cycle led to the initial rationaliza-
tion of this infrequently dividing population of cells. However, 
even during embryonic development, long before the entry into 
dormancy, cells with slower cycling kinetics begin to form in 
the upper portion of the hair follicle, just below where the seba-
ceous gland will emerge (Nowak et al., 2008).
Nucleotide label in some of these slow-cycling cells can be 
chased for 3 weeks to the adult bulge, confirming their iden-
tity as early bulge LRCs. Moreover, early bulge cells are also 
marked by expression of four key transcription factors: Sox9, 
Tcf3, Lhx2, and NFATc1 (Nowak et al., 2008). Within several 
weeks of postnatal life, bulge cells acquire expression of two 
markers widely used in studying adult bulge cells: CD34 and 
a lacZ transgene under the control of the Keratin 15 promoter 
(K15-lacZ) (Cotsarelis et al., 1990; Morris et al., 2004). Thus 
early in development, a population of infrequently cycling cells 
with many molecular characteristics of stem cells appears to 
be set aside to provide the engine that later drives the hair 
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cycle. A fascinating question for the future is how environmen-
tal and intrinsic cues converge to achieve this fertile stem cell 
ground in the noncycling portion of the follicle.
An additional distinction in the intricate hierarchy of hair fol-
licle cells with proliferative capacity is the hair germ (HG), a small 
cluster of cells that extend down from the bulge and abut the DP 
(Figure 3). First emerging toward the end of catagen, HG cells 
have been proposed to arise from the bulge, and indeed some 
of its residents are LRCs (Ito et al., 2004). Although distinctive, 
the pattern of gene expression in HG cells is more similar to the 
bulge than to transiently amplifying matrix (Greco et al., 2009). 
Notable genes whose expression spans across bulge and HG 
include K15, Sox9, and Lgr5, which encodes an orphan G protein-
coupled receptor that is commonly used as a marker of intestinal 
stem cells. Genetic lineage tracing with any 
of these promoters shows that the bulge 
region (encompassing bulge and HG) har-
bors stem cells that give rise to all cells 
of the follicle and sebaceous gland (Jaks 
et al., 2008; Morris et al., 2004; Nowak et 
al., 2008). Functional analyses with Sox9 
further underscore the physiological rel-
evance of these stem cells. Without Sox9, 
follicle LRCs are not maintained, and there 
is an arrest in hair follicle and sebaceous 
gland morphogenesis and homeostasis 
(Nowak et al., 2008; Vidal et al., 2005).
During the hair cycle, the levels of label retention, cycling 
activity, and the pattern of gene expression vary markedly 
within the bulge (Figure 3) (Blanpain et al., 2004; Jaks et al., 
2008; Nowak et al., 2008). Throughout most of telogen, which 
can last for weeks, both HG and bulge appear largely quies-
cent: they do not take up BrdU during short nucleotide pulses 
nor do they express proliferative markers (Greco et al., 2009). 
Toward the end of this phase, the HG cells at the bulge base 
are the first to proliferate (Greco et al., 2009; Panteleyev et al., 
2003). At this time, a few cells begin to divide (Greco et al., 
2009; Taylor et al., 2000; Tumbar et al., 2004). As they do, they 
exhibit signs of nuclear β-catenin (the downstream effector of 
Wnt signaling) and downregulation of the bone morphogenetic 
protein (BMP) pathway (Greco et al., 2009; reviewed by Blan-
Figure 3. Cycles of Hair Follicle Growth, 
Destruction, and Rest
Shown is a schematic of the hair cycle, accom-
panied by the proliferation state of the stem cell 
niche. The bulge is a niche for cells that divide 
relatively infrequently. It is found at the base of the 
permanent segment of the hair follicle. After the 
destructive phase (catagen), the hair germ (HG) 
emerges as a small cluster of cells. The HG is 
thought to arise from bulge cells that migrate out 
to “meet” the dermal papilla (DP) that contracts 
upward (Ito et al., 2004). Histone H2B-GFP pulse-
chase experiments show that the upper portion 
of the HG is label retaining but typically less so 
than many other bulge cells. HG cells express P-
cadherin more strongly than bulge cells (shown). 
During the resting phase (telogen), both HG and 
bulge are quiescent. Short BrdU pulses reveal 
little activity throughout this phase, which can 
last for many weeks (Greco et al., 2009). Late in 
telogen and transitioning to early anagen, the HG 
becomes mobilized prior to the bulge. A few days 
later (Ana III), the HG has rapidly expanded to form 
the early matrix of transiently amplifying cells that 
form the hair shaft and its channel (Greco et al., 
2009). At this time, the bulge begins to proliferate. 
By monitoring reductions in H2B-GFP, the bulge 
cells divide on average three times per hair cycle, 
approximately once per week (Waghmare et al., 
2008). Thus in contrast to some stem cell niches, 
such as the intestinal niche, the cycling rates of 
stem cells are highly sensitive to the relative stage 
of the hair cycle (Blanpain et al., 2004; Greco et al., 
2009; Jaks et al., 2008; Nowak et al., 2008; Wagh-
mare et al., 2008). Schematic and data adapted 
from Nowak (2009).
pain and Fuchs, 2009). Several days later, ~10% of bulge cells 
show active incorporation of BrdU within a 24 hr pulse, accom-
panied by changes in gene expression expected for a Wnt-
activated state (Blanpain et al., 2004; Lowry et al., 2005). As 
this transition to anagen progresses, more than 50% of Lgr5+ 
cells within the emerging hair follicle enter S phase (Jaks et al., 
2008). Thus in contrast to the tortoise, a snapshot of the hair 
gives a very different picture of its behavior when it is resting 
versus racing to the finish line.
Most bulge cells remain slow cycling but active throughout 
the growing phase, dividing ~3 times during the 3 week growth 
phase (Figure 3). Double and triple labeling with nucleotides 
and histones document the slow-cycling activity of bulge 
cells during the growth phase and refute the immortal strand 
hypothesis as a means of explaining the presence of LRCs 
in the hair follicle (Waghmare et al., 2008; Sotiropoulou et al., 
2008). However, in vivo, the overall size of the bulge remains 
constant (Blanpain et al., 2004), suggesting that its progeny 
participate in the growth of new hair.
To understand how, Barrandon and colleagues conducted 
a landmark study by surgically preparing chimeric rat whisker 
follicles containing genetically marked bulge cells and monitor-
ing their fate following engraftment (Oshima et al., 2001). Bulge 
progeny were progressively detected along the outer layer of 
the follicle, then to the matrix, and finally to the upward ter-
minally differentiating cells of the hair shaft. Similar patterns 
have been observed for murine hair coat follicles, initially by 
short pulse-chase experiments (Alonso et al., 2005) and then 
by developmental genetic tracing with Sox9-Cre LacZ reporter 
mice (Nowak et al., 2008). Through these interactions between 
different classes of lineage progenitors, the system is able to 
channel a steady flow of differentiated cells into the growing 
hair (Legue and Nicolas, 2005).
The cycling kinetics of the genetically marked bulge cells 
used by Oshima and Barrandon were not evaluated. That 
said, accompanying culture studies estimate that each whis-
ker bulge contains ~1000 clonogenic stem cells (Oshima et al., 
2001), and Morris and Potten (1999) described similar behavior 
for cultured LRCs. Moreover, when engrafted to immunocom-
promised mice, clonogenic cultures derived from individual 
bulge cells of either rat whiskers or mouse backskins can 
regenerate epidermis, sebaceous glands, and cycling hair fol-
licles (Blanpain et al., 2004; Claudinot et al., 2005), which are 
features expected of stem cells.
For the rat whisker bulge, multiple serial engraftments have 
been achieved after culture, suggestive of long-term stem cell 
potential (Claudinot et al., 2005). Recently, long-term genetic 
lineage tracing has also documented the maintenance of hair 
follicle cells marked by Lgr5 expression (Jaks et al., 2008). 
Like follicle stem cell transcription factors Sox9, Tcf3, and 
Lhx2, Lgr5 is not uniquely expressed by bulge cells but rather 
extends to the HG and lower outer root sheath of cycling fol-
licles. In this regard, it is noteworthy that during the cycling 
phase of the follicle, cells with clonogenic potential can reside 
outside the bulge niche (Oshima et al., 2001). As additional 
follicle stem cell genes are functionally defined and as the 
point of no return within the stem cell lineage of the hair folli-
cle is increasingly delineated, future prospects for pinpointing Cell 137, May 29, 2009 ©2009 Elsevier Inc. 815
and characterizing bona fide follicle stem cells and evaluat-
ing their relation to LRCs are promising (Blanpain and Fuchs, 
2009).
How do the slow-cycling cells of the hair follicle and 
hematopoietic system compare? The resting phase of the hair 
cycle gets increasingly longer with age, and given that little 
activity exists during this time, it can take months for some 
LRCs to fall below the threshold limits for detection. Overall, 
however, the cycling kinetics of follicle LRCs during anagen 
most closely resemble those of the ~20% of HSCs that retain 
label for up to several months and participate in blood homeo-
stasis (Cheshier et al., 1999; Foudi et al., 2009; Wilson et al., 
2008).
Interestingly, a small subset (1–4 per hair follicle) of bulge 
LRCs are dormant LRCs (>100 d/cycle), and as such, these are 
not likely to function in normal hair follicle homeostasis (Mor-
ris and Potten, 1999). It is not clear whether these dormant 
LRCs can be mobilized in wound repair and whether they might 
represent long-term follicle stem cells analogous to the dor-
mant stem cells recently reported for the bone marrow. On the 
one hand, follicle LRCs can mobilize, divide, and move upward 
following injury or stimulation with TPA (tumor-promoting anti-
gen), as shown by double-label pulse-chase experiments (Tay-
lor et al., 2000) and by monitoring the fate of H2B-GFP labeled 
bulge cells (Tumbar et al., 2004; Waghmare et al., 2008). On the 
other hand, genetic lineage tracing in adult mice suggests that 
bulge/HG stem cells only repair epidermal wounds transiently 
until epidermal stem cells can move into the wound site (Ito et 
al., 2007; Levy et al., 2007). Without the ability to conduct sin-
gle-cell serial transplantations and without further resolution of 
the molecular heterogeneity within the bulge/hair germ, it may 
be some time before this issue is resolved for the hair follicle.
Heterogeneity within the Intestinal Stem Cell Niche
The small intestine offers an interesting example of a rapidly 
and continuously regenerating epithelium. It can be subdivided 
into units, composed of a relatively undifferentiated crypt at the 
base and contiguous progeny organized into villi composed of 
differentiated epithelial cells (adsorptive enterocytes, secretory 
goblet cells, and hormone-producing enteroendocrine cells) 
(Figure 4). Within the crypt, the only terminally differentiated 
cells are Paneth cells, which secrete antibacterial peptides. 
Based upon ultrastructure the least differentiated columnar 
cells within the small intestine are those that are interspersed 
among Paneth cells.
Cheng and Leblond (1974) conducted a series of lineage-trac-
ing experiments, remarkable for its time, that coupled tritiated 
thymidine pulse-chase with the ability of these undifferentiated 
basal crypt cells to phagocytose dead Paneth cells and hence 
become marked with Paneth cell remnants identifiable by their 
ultrastructure. The conclusion from these early lineage-tracing 
studies was that the crypt base cells are multipotent stem cells 
that are able to give rise to all four differentiated lineages of 
the intestine (Cheng and Leblond, 1974). Moreover, their results 
led to the conclusion that the stem cells are mitotically active 
and give rise to committed cells of each lineage. These cells 
transiently divide as they either move further up the crypt and 
into the villus to generate enterocytes, enteroendocrine cells, 
Figure 4. The Intestinal Stem Cell Zone 
Replenishes the Adsorptive Villus
(Top left) Schematic of the crypt-villus architecture 
of the small intestine. (Top right) Magnified view of 
the crypt. At the base of the crypt is the putative 
stem cell zone (Bjerknes and Cheng, 1981; Cheng 
and Leblond, 1974). This zone contains undifferen-
tiated cells sharing a similar ultrastructure that are 
interspersed with highly differentiated antibacterial 
Paneth cells. The undifferentiated columnar cells, 
purported to be stem cells, extend from a position 
+1 at the very base of the crypt to +4, marking the 
boundary between the Paneth cells and the tran-
siently amplifying, rapidly dividing cells that give 
rise to the terminally differentiating enterocytes 
(Ent), goblet cells (Gob), and enteroendocrine cells 
(End) of the villus. Drawing by A. Canapary. (Lower 
panels) In situ hybridization with a probe for Olfm4, 
enriched in the stem cell zone (van der Flier et al., 
2009). The expression of an Lgr5-EGFP-CreER 
transgene marks the stem cell zone (Barker et 
al., 2007). To the right is a lineage tracing of a bi-
transgenic mouse expressing Lgr5-EGFP-CreER 
and Rosa26-fl-stop-fl-LacZ. Cells in which the 
Lgr5 promoter is active are marked by EGFP ex-
pression and express tamoxifen-regulatable Cre 
recombinase. Following activation of Cre, floxed 
sequences recombine, excising the stop codon 
and activating LacZ. With time, the entire crypt-
villus structure displays β-galactosidase express-
ing progeny, revealing that individual Lgr5-positive 
stem cells can regenerate the entire niche (Barker 
et al., 2007). Images reprinted by permission from 
Macmillan Publishers Ltd: Nature (Barker et al., 
2007), copyright 2007.816 Cell 137, May 29, 2009 ©2009 Elsevier Inc.
and goblet cells or move downward toward the base of the 
crypt to form the fully differentiated Paneth cells (Cheng and 
Leblond, 1974).
Counting cells from the base of the crypt (position 1), the 
stem cells were initially purported to exist from positions 1–4 
to create a “stem cell zone” (Bjerknes and Cheng, 1981), now 
more typically referred to as a niche. The flux of migration in 
the intestinal epithelium is fast, with a transit time of ~3 days 
from the time a stem cell exits at the base of the crypt until 
its most distal progeny reach the top (Cheng and Leblond, 
1974). Although Cheng and Leblond recognized that the stem 
cells take longer to exit their niche than their transit-amplifying 
progeny, Potten and colleagues showed that position +4 of the 
niche is particularly enriched for nucleotide LRCs (Marshman 
et al., 2002). At the border of the putative niche, these cells also 
have a distinctive program of gene expression and notably are 
marked by enriched expression of Bmi1. Bmi1 is a component 
of the polycomb complex of chromatin-mediated repression 
that is involved in the self-renewal of hematopoietic and neu-
ronal stem cells (Lessard and Sauvageau, 2003; Molofsky et 
al., 2003).
Genetic lineage tracing with a Rosa26-lacZ reporter mouse 
expressing Bmi1-CreER transgene marked the +4 cells at early 
times after tamoxifen induction and entire crypts and villi after 
12 months (Sangiorgi and Capecchi, 2008). After 5 days some crypts had only 1–2 labeled cells, an expected feature of slow-
cycling cells within an epithelium that otherwise turns over 
rapidly. Moreover, when β-catenin, the downstream effector of 
Wnt signaling, is conditionally ablated using Bmi1-CreER crypt 
maintenance is abrogated. These studies make a compelling 
argument in support of the LRCs as a population of stem cells 
within the small intestine.
Equally compelling are similar lineage-tracing studies of 
Clevers and colleagues (Barker et al., 2007), who find that Lgr5 
(Lgr5-EGFP-CreER) is expressed within the stem cell zone 
that spans +1 to +4, with the strongest labeling at the base 
where Wnt signaling is highest (Figure 4). Within 2 months 
of Lgr5-CreER induction, some individual villus-crypt units 
scored positive for bacterial β-galactosidase activity, indicat-
ing that the Lgr5-expressing cells can regenerate all intestinal 
lineages. Most recently, Clevers and coworkers have elegantly 
shown that single Lgr5+ intestinal stem cells can even regener-
ate self-renewing, functional crypt-like structures in vitro when 
exposed to the appropriate milieu of key extracellular matrix 
and signaling factors (Sato et al., 2009). Similar lineage-tracing 
studies have also been conducted with Prominin 1, and both 
Prominin 1 and Lgr5 appear to mark stem cells that upon muta-
genesis are able to initiate intestinal tumors (Barker et al., 2009; 
Zhu et al., 2009). When taken together, these studies suggest 
that the entire stem cell zone described by early morpholo-
gists may be a residence of multipotent intestinal stem cells. 
However, recent advances in purifying intestinal stem cells 
reveal that like the hair follicle stem cell niche, there seems to 
be some heterogeneity, not only in cycling kinetics but also in 
molecular features. Cells residing deeper within the stem cell 
zone exhibit somewhat higher levels of nuclear β-catenin, Lgr5, 
Sox9, CD133, and Olfm4 (Barker et al., 2007; van der Flier et 
al., 2009). By contrast, stem cells residing near or at the +4 
position are flanked on one side by differentiating Paneth cells 
and on the other by the transit-amplifying cells of the villus lin-
eages; these +4 cells exhibit higher levels of Bmi1 and several 
other molecular markers (such as phosphorylation of Dcamkl1, 
Mapk14, and AKT) and show reduced cycling activity relative 
to the stem cells at the crypt base (Giannakis et al., 2006; He 
et al., 2004; Sangiorgi and Capecchi, 2008). Now that the road-
block to isolating and transcriptionally profiling intestinal stem 
cells has finally been overcome, as it has for HSCs and hair fol-
licle SCs, the pace of advances in the study of intestinal stem 
cells should continue to accelerate.
The Relation of Label Retention to Stemness
As new and improved tools become available and new adult 
stem cell populations emerge, it is becoming increasingly 
apparent that LRCs are a frequent, albeit not necessarily 
essential, feature of stem cell niches. The limbus of the eye is 
a niche that harbors LRCs and is enriched for stem cells with 
a high capacity for regeneration, a useful feature in therapy 
for corneal blindness (Cotsarelis et al., 1989; Pellegrini et al., 
1999). That said, some evidence suggests that at least in some 
animals, the cornea is also a source of self-renewing clono-
genic corneal stem cells with long-term regenerative potential 
(Majo et al., 2008 and references therein). In contrast to the 
limbus, the corneal epithelium does not show signs of label 
retention over prolonged periods of time.
In comparing the niches of epithelial LRCs of the intes-
tinal crypt, the bulge, and the limbus, all are complex junc-
tures where different cell types converge. Moreover, adjacent 
to these LRC niches are cells that appear to be molecularly 
quite similar to their LRC counterparts but are considerably 
more proliferative. Although more research is needed to fully 
address the issue, the evidence to date favors the notion that 
for each of these tissues, label retention is a feature of some 
but not all of its stem cells.
Are stem cells that divide infrequently equivalent to those 
that divide more rapidly? The answer to this question is more 
difficult to address, and even for the well-studied hematopoi-
etic stem cells, controversy still surrounds the question. That 
said, if, as recently suggested, the slowest cycling HSCs are 
ones that function primarily in repair of injury or tissue damage, 
this might also explain why the limbus is the major source of 
stem cells that repair corneal wounds (Majo et al., 2008; Wilson 
et al., 2008), and why anticancer treatments lead to temporary 
but not permanent hair loss.
It makes sense that master stem cells should undergo as few 
rounds of DNA replication as possible to prevent the genome 
from experiencing unnecessary risk. A study of injury repair, 
however, reveals a few interesting departures from this para-
digm. For example, when slow-cycling follicle bulge cells are Cell 137, May 29, 2009 ©2009 Elsevier Inc. 817
depleted by repeated hair plucking, the more active hair germ 
cells appear to repopulate the bulge niche (Ito et al., 2004). 
Additionally, when skin is catastrophically wounded, actively 
cycling epidermal cells contribute to follicle regeneration 
and can recreate the bulge niche (Ito et al., 2007). The abil-
ity to regenerate a niche of slow-cycling bulge stem cells from 
engraftments of proliferating cultured bulge stem cells has 
also been documented (Blanpain et al., 2004). Whether these 
extreme adaptive behaviors reflect the special need for skin 
stem cells to continually adjust to natural bouts of catastrophic 
degeneration and regeneration awaits future investigation.
In closing, we are left with the view that whether in homeo-
stasis or in wound repair, adult stem cells can adjust their cell-
cycle properties to the circumstances that surround them. 
In this regard, their rate and timing of proliferation may not 
directly be linked to their stemness, but rather to their microen-
vironment (Weigelt and Bissell, 2008). A graphic illustration of 
this is the ability of rat bulge cells to be stimulated to proliferate 
for >140 divisions in vitro without losing their multipotent long-
term potential when subsequently engrafted in vivo (Claudinot 
et al., 2005). The abilities of most hair follicle LRCs (Cotsarelis 
et al., 1990) or hematopoietic LRCs (Foudi et al., 2009; Wilson 
et al., 2008) to undergo rapid proliferation in response to injury 
and then return to their state of quiescence offer additional 
examples.
As the molecular characteristics intrinsic to tissue-specific 
stem cells are increasingly well-defined, the mechanisms 
controlling extrinsic features, such as variation in proliferative 
rates, should continue to unfold. With this knowledge comes 
the promise of new and improved methods for clinical treat-
ments. Two cases in point are cord blood, which offers a possi-
ble source of HSCs for clinics, and limbal epithelial stem cells, 
which offer hope for treating corneal degenerative disorders 
that lead to blindness. A prerequisite to overcoming the pres-
ent barriers in advancing these therapies is to devise new and 
improved methods of expanding the long-term self-renewing 
potential of these stem cells outside of their native niches.
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